Abstract The intratubular composition of fluid at the tubulovascular contact site of the juxtaglomerular apparatus serves as regulatory input for secretion and synthesis of renin. Experimental evidence, mostly from in vitro perfused preparations, indicates an inverse relation between luminal NaCl concentration and renin secretion. The cellular transduction mechanism is initiated by concentration-dependent NaCl uptake through the Na-K-2Cl cotransporter (NKCC2) with activation of NKCC2 causing inhibition and deactivation of NKCC2 causing stimulation of renin release. Changes in NKCC2 activity are coupled to alterations in the generation of paracrine factors that interact with granular cells. Among these factors, generation of PGE2 in a COX-2-dependent fashion appears to play a dominant role in the stimulatory arm of tubular control of renin release.
Introduction
The early observation that "the ascending limb of the loop of Henle returns with invariable constancy to its capsule of origin" [39] was complemented considerably later by the anatomical description of the tubulovascular contact site as a conglomeration of specialized epithelial (macula densa), interstitial, endocrine, and smooth muscle cells for which the term juxtaglomerular apparatus (JGA) was coined [41, 159] . A functional role of the macula densa (MD) and the JGA was postulated by Goormaghtigh in his proposal that "physical and chemical variations in the content of the urinary tubule" might serve the dual purpose of regulating the circulatory and endocrine functions of the vascular elements [42] . The finding of an inverse relationship between plasma renin activity and sodium excretion in a variety of whole animal manipulations with minimal changes in arterial pressure and renal blood flow led to the proposal that a low NaCl concentration at the MD may act as a stimulator of renin release in volume-depleted states [137, 138, 140] . Acceptance of this proposal and understanding of the underlying mechanisms proved exceptionally difficult because selective and defined changes in MD signaling in vivo are not achievable without the likelihood of simultaneously changing other factors affecting renin release such as arterial pressure and adrenergic inputs. The goals of this article are to review the evidence that the activity of the MD cell cluster can modify the endocrine function of the renin-secreting cells and to summarize the complex and somewhat contradictory observations about the possible paracrine mediators responsible for this crosstalk.
The anatomy of the tubular-vascular connection
The macula densa The MD is a plaque of epithelial cells located at the distal end of the thick ascending limb (TAL). Surrounded on all sides by TAL epithelium, it is consistently located a short distance, 100 to 200 μm, from the end of the TAL and the abrupt transition to the distal convoluted tubule [65, 66] . An unusually high nucleus-to-cytoplasm ratio causes the relatively dense appearance of this cell group, the distinguishing feature noted by early anatomists [159] . Basal infoldings are not present in MD cells, and while mitochondria are numerous, they are not in contact with the basal membrane, but rather scattered throughout the cytosol [65] .
The contact region between the glomerulus and the tubule is established early in the development of the nephron (Fig. 1) . Initially a comma shaped body is formed by the fusion of the condensing metanephric mesenchymal anlage and an outpouching from the ureteric bud. By the time vascularization occurs, the nephron anlage has assumed an S-shaped appearance. The entire proximal tubule and the loop of Henle are formed as elongations from the lower portion of the S, with the contact (at the central bend of the S) between developing distal nephron and vascular pole maintained throughout. The lineage of the MD cell type is not known with certainty, and these early developmental events are compatible with an origin from either metanephric mesenchyme or ureteric bud. The MD cell has some morphological similarities with the collecting duct as both are cuboidal epithelia lacking basolateral infoldings, leading to the speculation that the two cell types may share a ureteric bud lineage [4, 32] .
The extraglomerular mesangium Goormaghtigh suggested that the tubule is "soldered" to the vascular elements, and he described a polar cushion of cells joining tubule and vessels, now called the extraglomerular mesangium (EGM). The EGM cells fill the wedge-shaped space between the MD cells and the glomerular arterioles at the vascular hilum [8, 29] . The space lacks blood capillaries, a striking finding given the high density of vascularization of the renal interstitium in general [7, 8] . Nerve endings abound on the vascular elements and on the thick ascending limb in the region before the MD, but most evidence suggests that neither the MD nor EGM cells are directly innervated [9] . Abundant gap junctions connect EGM cells with each other and couple the EGM with the vascular elements in the JGA [33, 106, 131] . The electron microscopic evidence is consistent with high expression of connexins 40 and 37 in the JGA [5, 83, 156] . No gap junctions or connexins have been found in MD cells indicating that any epithelial-vascular cross talk is likely to utilize diffusible paracrine factors.
Juxtaglomerular Granular Cells JG cells have been described as cuboidal, epithelial-like ("epithelioid") cells in the media of glomerular arteriolar walls. JG cells are the main producers of the active aspartic protease renin, as evidenced by the fact that active plasma renin falls to undetectable levels following bilateral nephrectomy [31] . With a rough endoplasmic reticulum, a well-developed Golgi apparatus, and numerous cytoplasmic granules, they have the fine structure of protein-secreting cells [65, 84] . The renin-containing granules are membrane-bound and contain amorphous electron-dense material believed to represent the mature form of the enzyme [7, 129] . Myofibrils and smooth muscle myosin have been described as sparse, but gene profiling has shown that JG cells express a wide spectrum of genes associated with the smooth muscle phenotype [16, 130] . In the mature rat kidney under control conditions, granular cells are clustered at the vascular pole over a length of about 30 μm or about 20 % of the afferent arteriole, but single ring-like renin-positive regions in more proximal locations are sometimes seen [20] . In the developing kidney and during stimulation of renin synthesis in the adult, proximal expression expands, and renin granules can be found in cells all along the afferent arteriole and in larger vessels as well, suggesting that smooth muscle cells retain the potential for renin synthesis [19, 40, 114, 124] . The gap junctional connexins 40 and 37 have been shown to colocalize with renin, indicating structural connectivity among JG cells [47, 83, 143] . Evidence for MD control of renin secretion Physiological variations in tubular urine at the MD Goormaghtigh's proposal that tubular fluid composition might affect vascular and secretory functions rests on the assumption that luminal solute concentrations at the MD are variable and may depend upon the physiological state of the animal. Because of the notion that the JGA acts as a relay station for feedback regulation of tubular flow dynamics, most studies have focused on flow rate as the main determinant of solute variability. As a consequence of the specific location of the MD cells, luminal fluid composition at this site reflects the characteristics of the TAL, an epithelium that avidly reabsorbs NaCl, with cellular uptake being largely mediated by a Na-K-2Cl cotransporter (NKCC2). Since the TAL epithelium has a very low water permeability, NaCl concentration at the TAL exit is predictably hypotonic, and the degree of hypotonicity depends upon tubular flow rate. The rate of flow leaving the proximal tubule thus becomes the dominant determinant of the NaCl signal at the MD. In fact, using micropuncture and microperfusion methods in rodent kidneys, increments in loop of Henle flow rate above normal have been found to be consistently associated with increases in distal NaCl concentration [115] . Unexpectedly, higher distal tubule solute concentrations were also observed at very low rates of tubular flow [46, 94, 116, 118] , a phenomenon that results from the addition of solutes along the segment between the inaccessible MD and the distal measuring site [116] . Overall, one may conclude that NaCl concentration at the MD is highly flow dependent, ranging from approximately 20 to 70 mM, with the lowest values reached at subnormal tubular flow rates.
Characterization of MD-dependent renin release A rigorous demonstration of a direct influence of the MD on renin release has been an experimental challenge of major proportion since it requires isolation of the effects of the MD from other stimuli that affect JG cells, precise knowledge of tubular fluid composition at the MD, and capture of all released renin in response to a defined perturbation. These requirements cannot strictly be met in vivo so that all direct evidence relies on an in vitro approach employing a modification of the isolated perfused tubule technique [17] . A short segment of the TAL including the MD-glomerulus contact region is isolated from the rabbit kidney and perfused with solutions of known NaCl concentration ( Fig. 2a ) [127, 128] . Suspending the perfused specimen in a slowly flowing superfusate and analyzing the collected superfusate for its renin content permits a quantitative determination of the rate of renin secretion (Fig. 2b) . In this preparation, baroreceptor and regulated sympathetic inputs are safely excluded, the NaCl concentration at the MD is known and can be predictably altered, and all released renin can be captured and analyzed. In addition, the anatomical reduction by microdissection limits the possible sites of tubulovascular information transfer to MD cells and a limited number of surrounding TAL cells as the only cells present in the area of contact. While this preparation is suitable for studying the acute MD-dependent secretory response, it is not viable for long enough periods to assess chronic MD-dependent changes in renin release or renin gene expression. It is noteworthy that the isolated effect of the baroreceptor mechanism was studied in a similar in vitro preparation in which the afferent arteriole rather than the tubule was perfused. These studies have shown that increases in perfusion rate, but apparently not in perfusion pressure, inhibit renin release [12, 13, 113] . The isolated perfused tubule approach has shown definitively that increasing NaCl concentration in the tubular fluid at the MD suppresses renin secretion and reducing NaCl concentration stimulates it (Fig. 3) [44, 89, 90, 127, 136, 147] . MDdependent renin secretion in this preparation is characterized by a rapid onset and offset following step changes in NaCl concentration and by reversibility of this change (Fig. 3) [89, Fig. 2 Use of the isolated perfused tubule of the rabbit to assess MDmediated renin secretion. a Microphotograph of a perfused segment of the thick ascending limb (TAL) with attached glomerulus (Glom); macula densa (MD) cells in the rabbit protrude into the tubular lumen; holding and perfusion pipettes can be seen on the far left. b To measure renin secretion, the perfused JGA is placed in a superfusion chamber and immersed in mineral oil so that the emerging superfusate is forming a bubble that is collected in intervals and analyzed for renin 147] . Resolution of the NaCl concentration dependency of renin secretion showed that renin secretion was not altered when NaCl concentration was reduced from isotonicity to about 80 mM and that the full renin response was seen when NaCl concentrations were varied between 7 and 61 mM of Cl and between 26 and 80 mM of Na [56] . Renin secretion is asymmetrical in that a decrease of Cl below normal (47 to 7 mM) increases renin release by about 2 nGU/min/mM whereas an increase of Cl above normal (47 to 87 mM) reduces release by only 0.4 nGU/ min/mM [56] . It is of note that the hypotonic NaCl concentration range affecting renin secretion is well in the physiological range and that it is identical to that in which the tubuloglomerular feedback (TGF) response occurs.
These studies lend credence to earlier micropuncture experiments that were interpreted as showing stimulation of renin release by a reduction of MD NaCl concentration [85, 95] . Indirect evidence consistent with MD control of renin release has also been obtained in the intact animal and in dogs in which kidneys had been made non-filtering by ureteral occlusion [98, 125, 140] .
The sensing mechanism for MD-mediated renin secretion
In the isolated JGA preparation, stimulation of renin secretion was found to be primarily dependent on reductions of NaCl concentration whereas the stimulatory effect of reductions in luminal NaCl load, i.e., a decrease of perfusate flow at constant NaCl concentration, was only marginal [89] . NaCl dependency of renin secretion fits well with the early conclusion from studies in intact animals that MD NaCl transport may play a critical role in MD control of renin secretion [98, 137, 139] . Direct evidence for a MD-mediated effect of NaCl transport inhibition on renin secretion was obtained in non-perfused afferent arterioles in which furosemide stimulated renin release only when the MD segment was included in the dissected specimen, but not in its absence [60] . In the isolated perfused JGA preparation, luminal application of bumetanide (10 −6 M) or furosemide (5× 10 −5 M) increased renin secretion during perfusion with high NaCl solutions [56, 90] . Furosemide has been used frequently as experimental tool to probe for participation of the MD pathway in changes of renin release in the intact animal [139] . However, interpretation of such studies may be complicated both by potential effects on extracellular fluid volume [139] and by the consequences of simultaneous inhibition of the ubiquitous NKCC1 With systemic furosemide causing inhibition of both tubular NKCC2 and extratubular NKCC1, the stimulation of renin release by loop diuretics may reflect the combined inhibition of both NKCC isoforms. In fact, luminal application of furosemide in the experiments in the isolated perfused JGA preparation caused only a relatively small stimulation of renin release, perhaps reflecting the fact that inhibition is limited to NKCC2 in this preparation [56, 90] . Although NKCC2 mediates the bulk of MD Na reabsorption, apical expression of the Na + /H + exchanger 2 (NHE2) may contribute to Na + transport as well as to the regulation of renin release [49] . In NHE2-deficient mice renal renin content and plasma renin concentration were elevated compared to wild-type controls, and the stimulation of the renin system by a salt-depleted diet was blunted. Increased baseline renin secretion in NHE2 −/− mice was paralleled by enhanced MD COX-2 and mPGES expression. Studies of the ion selectivity of renin release in the isolated perfused JGA have shown that the inhibitory response was unchanged when most of luminal Na was replaced by choline or rubidium whereas substituting Cl by isethionate or acetate virtually eliminated the response to increased Na concentrations [87] . These findings support the hypothesis that the initiating signal for MD control of renin secretion is a change in NaCl transport rate via a luminal Na-K-2Cl cotransporter whose physiological Fig. 3 Macula densa mediated changes in renin secretion is the isolated perfused JGA preparation, in which perfusate NaCl concentration was changed from low to high NaCl (upper panel) and from high to low (lower panel). Collection intervals are 10 min. Results are from [89] activity is determined by luminal Cl concentration. A role of Cl had been suggested in earlier studies in intact animals in which Cl or Br salts without Na inhibited renin secretion, whereas Na salts without Cl or Br as the accompanying anion did not [75, 77] . Changes in renin secretion under these conditions correlated with loop of Henle Cl reabsorption [148] . An acute selective depletion of Cl by peritoneal dialysis increased plasma renin activity [1] , and substitution of Cl by nitrate or thiocyanate in the perfusate of isolated kidneys stimulated renin secretion [111] .
The functional links between solute transport and formation of the paracrine mediators discussed in the subsequent sections are still obscure. Activation or inhibition of specific signaling pathways in MD cells may be related to any of the distinct cellular changes associated with acute elevations of luminal NaCl including alterations of intracellular Na, Cl, and Ca concentrations, cytosolic pH, or cell volume [11, 34, 86, 101-103, 105, 112] . Alternatively, changes of the extracellular milieu may activate kinases such as MAPK that are known to be exquisitely responsive to activation by extracellular signals. Different rates of NaCl transport are also expected to cause alterations in metabolic intermediates that may affect signaling pathways.
The stimulus-response coupling mechanism
Prostaglandins The biologically active spectrum of prostaglandins is derived from the oxygenation and peroxidation of arachidonic acid by cyclooxygenase enzymes (COX-1 and COX-2) and the subsequent processing of the resulting endoperoxides (or PGH 2 ) by several enzymes including PGE2 synthases. Various metabolites of arachidonic acid have been suggested to regulate renin secretion [70] , but the most consistent finding is stimulation of renin secretion by prostaglandins of the E and I series [64, 122] . A specific role of prostaglandins in MD-dependent renin secretion gained plausibility by the discovery that the inducible cyclooxygenase COX-2 is constitutively expressed in MD and surrounding TAL cells [27, 54, 91, 132, 142] . A membraneassociated PGE2 synthase has also been observed in MD cells of both rats and rabbits [18, 37] .
Studies in the isolated rabbit JGA have shown that acute, non-specific COX inhibition with flufenamic acid or flurbiprofen virtually abolished the increase in renin secretion caused by a decrease in MD NaCl concentration (Fig. 4a) [44]. Since the concentration change from minimal to maximal was done in a single step, it is not clear whether the effect of these agents was symmetrical around the midpoint or whether it mainly affected the stimulation in the subnormal concentration range. Direct evidence for a role of COX-2 has been obtained in an extension of these studies in which the specific COX-2 inhibitor NS-398 was also found to prevent the stimulation of renin secretion by low NaCl while the putative COX-1 blocker valerylsalicylate did not (Fig. 4b ) [136] . The role of PGE2 in MD-dependent renin release has also been examined using in vivo methods. Support for a role of PG's in MD-mediated renin release comes from studies examining the response to supraaortic constriction in denervated kidneys of dogs treated with papaverine; in this model, designed to isolate MD-dependent responses, stimulation of renin secretion was blocked by indomethacin and meclofenamate [99] . The stimulation of renin release or renin expression produced by furosemide or a low Na diet was blunted by the administration of indomethacin or the COX-2 specific inhibitor rofecoxib [6, 35, 67, 119] . Rofecoxib also normalized the elevated levels of urinary prostaglandin excretion and plasma renin activity in patients with genetically verified Bartter's syndrome due to mutations of NKCC2 or ROMK [108] .
An important piece of evidence linking MD NaCl delivery to local PGE 2 release has recently been provided by the application of an in vitro technique in which cytosolic Ca in HEK293 cells stably transfected with the mouse PGE 2 receptor EP1 was used as indicator of changes in PGE2 levels [104] . Transfected HEK cells indeed responded to PGE 2 with a dose-dependent increase in [Ca] i , and this effect was blocked by the EP1 inhibitor SC51322. In dissected and perfused TAL/MD preparations from the rabbit, a transfected and fura-2 loaded sensor cell was then positioned at the basolateral aspect of MD cells, and changes in [Ca] i were used as an index of EP1 activation. Removal of luminal NaCl or the presence of furosemide caused a significant increase in sensor cell [Ca] i when the TAL/MD preparation was from a low NaCl fed animal. Of major importance is the observation that most of the change in [Ca] i occurred in a NaCl concentration range between 20 and 40 mM, exactly the concentration range in which NaCl concentration affects renin secretion in a similar preparation. The mechanisms by which a reduction in luminal NaCl causes stimulation of PGE 2 release and COX-2 expression have been studied in cell lines derived from the MD and from TAL cells [26, 154] . In both lines of cells, a reduction in medium NaCl caused a prompt and dose-dependent increase in PGE 2 release that was essentially completely inhibited by NS-398 and was therefore largely mediated by COX-2. The onset of this response preceded any increase in COX-2 expression, suggesting that it was the result of an increase in COX-2 activity and/or of an activation of PLA2 followed by increased availability of arachidonic acid. Presence of PLA2 in MD cells and regulation of PLA2 in parallel to that of COX-2 has been demonstrated earlier [91] . In both TAL and MD cells in culture, a reduction in medium NaCl also augmented the expression of the mRNA and protein expression of COX-2 [26, 154] . Ion substitution studies indicate that the extracellular signal for COX-2 stimulation appears to be a reduction in Cl rather than in Na concentration, a finding that is remarkably concordant with the Cl dependency of renin secretion shown earlier in quite different preparations. The intracellular signaling events leading to the stimulation of COX-2 activity and expression are initiated by rapid phosphorylation of p38 and Erk1/2 kinases [154] . Participation of MAP kinases in COX-2 expression is supported by the inhibitory effects of SB 203580 and PD 98059, inhibitors of p38-and Erk1/2-mediated signaling events [26, 154] . The increased expression of COX-2 through the MAP kinase pathway appears to reflect both a transcriptional activation and an increased stability of the mRNA [25] . These observations are in agreement with findings in other cell types in which MAP kinases are critically involved in regulating COX-2 expression in response to cytokines, growth factors, and hypertonicity [45, 151, 153] .
The marked effect of COX2 in MD-controlled renin secretion has called attention to the possibility that changes of renin secretion in response to diverse interventions could be mediated by modulation of COX-2 activity. Most notable in this regard is the strong and consistent stimulation of both renin and COX-2 expression by ACE inhibition or AT1 receptor blockade and the increased COX-2 levels in AT1 receptor knockout mice [23, 27, 150]. These observations indicate that the well-known feedback inhibition of renin release by angiotensin II may not be the reflection of a direct effect on JG cells but may be mediated by a reduction of MD COX-2.
Whereas the direct effect of activation of the Gs-linked D1-like receptors for dopamine is stimulation of renin release, the D1 agonist fenoldopam caused the opposite, a significant inhibition of renin release [157] . This indirect action of D1 activation may result from inhibition of proximal tubular fluid reabsorption and subsequent suppression of renal cortical COX-2 expression by an elevated NaCl at the MD. D1 agonists have in fact been shown to suppress COX-2, and the renin inhibition exerted by fenoldopam was converted to stimulation in COX-2-deficient mice [157, 158] .
GPR91, until recently a G protein-coupled orphan receptor, has been identified as a receptor for succinate. It has been found to be localized in the apical membrane of cells of the cortical TAL including the MD and in endothelial cells of the afferent arteriole [110] . Activation of GPR91 by succinate stimulates COX-2 activity, PGE2 release, and presumably renin expression, an effect that is particularly pronounced in diabetic wild-type mice and markedly reduced in GPR91-deficient animals [141] .
The role of the MD in the chronic regulation of renin synthesis and JG cell recruitment is uncertain, in part because this issue cannot be studied under the controlled conditions of the in vitro preparation. However, the abundance of COX-2 in MD and adjacent TAL cells is highly variable, and these regulatory changes are generally strikingly parallel to the regulation of renin in JG cells, providing inferential evidence for long-term effects of the MD on JG cell renin. For example, COX-2-deficient mice have markedly reduced levels of basal renin mRNA expression, plasma renin activity, and juxtaglomerular renin enzyme activity [28, 73, 152] , and COX-2 specific blockers can exert inhibitory effects on renin expression [52, 53] . Conversely, increases in COX-2 expression have been observed in rats treated chronically with furosemide and in patients with Bartter syndrome, suggesting that COX-2 expression may be in some way linked to NaCl uptake through NKCC2 [23, 67, 76, 92 ]. An increase of MD COX-2 expression is also induced by administration of a low NaCl diet or by renal artery stenosis [54, 55, 63, 145, 155] . Finally, stimulation of COX-2 expression has been found following partial renal ablation and in active lupus nephritis [135, 146] . In addition to inducing COX-2 expression, a low NaCl diet caused a two-to three-fold increase in the expression of PGE 2 synthase in MD cells [18] . Although it is uncertain whether the upregulation of COX-2 in these complex conditions is the direct result of altered tubular NaCl concentrations, a reduced NaCl transport by MD cells following a fall in GFR or an increase in proximal NaCl absorption may be a common feature of these diverse states. Without doubt, however, in many of these conditions, alterations in baroreceptor and sympathetic signals could also have contributed to stimulation of renin expression [58, 59, 68] .
Nitric oxide Nitric oxide is generated from L-arginine in a complex reaction catalyzed by nitric oxide synthases and requiring the co-substrates NADPH and oxygen and the cofactors tetrahydro-biopterin, FAD, and heme. The family of NO synthases consists of at least three members, the constitutive neuronal and endothelial isoforms (nNOS and eNOS) and the inducible isoform (iNOS). The conspicuous presence of nNOS in MD cells has been of particular interest because of the proximity to renin-producing granular cells [96, 149] , but endothelial cells, the classical site of eNOS expression, are also potential sources of NO with access to JG cells.
Our understanding of the role of NO in the response of renin release to an acute reduction of NaCl/NaCl transport at the MD is incomplete. Some studies have examined the MD mechanism by the indirect approach of testing whether loop diuretic-induced stimulation of renin secretion is sensitive to NOS inhibitors. In dissected rat renal microvessels, NOS inhibition abolished the increase in renin release caused by furosemide pretreatment [24] . Similarly, the stimulation of renin secretion by furosemide in vivo was inhibited by the administration of NOS inhibitors [10, 107, 119] . In isolated perfused kidneys of rats and mice in which the perfusion pressure is servo-controlled, addition of L-NAME to the perfusate greatly reduced the stimulatory effect of loop diuretics on renin secretion [22, 82] . In the isolated perfused JGA preparation, another preparation in which baroreceptormediated effects can be excluded, the exclusively luminal addition of a non-specific NOS inhibitor prevented the increase in renin secretion caused by a reduction in luminal NaCl concentration (Fig. 5a) [57]. Taken together these observations suggest that the pathway leading from transport inhibition to stimulation of renin secretion does not operate efficiently in the absence of NO. The requirement for NO in supporting low NaCl-mediated renin secretion may not lie in a specific mediator role of MD-derived NO, but may derive from facilitation of the operation of mediators such as PGE2 [22] . This permissive background effect of NO in the enhancement of renin secretion by an acute reduction of luminal NaCl may be mechanistically linked to stabilization of cAMP by inhibition of phosphodiesterase 3 thereby potentiating the effect of cAMP-dependent mediators such as PGE2 [36, 82] .
While the effect of lowering MD NaCl below normal on NO generation is not known, two independent studies in a comparable in vitro preparation have shown that increasing luminal NaCl above normal causes increased NO levels in MD cells as well as in their surroundings and that this increase was prevented by an inhibitor of nNOS [78, 86] . Functional support for stimulation of NO production by supranormal luminal NaCl also comes from studies showing that NOS inhibition enhances tubuloglomerular feedbackmediated vasoconstriction predominantly when NaCl concentration at the MD is high [15, 109, 133, 149] . The stimulation of MD nNOS activity by high luminal NaCl is probably not Ca-dependent since NaCl does not consistently elevate [Ca] i and since an activation of NOS was seen in Cafree medium [86] . The increased formation of NO with increases in luminal NaCl may be caused by cell alkalinization since the pH optimum of NOS is in the slightly alkaline range [34, 144] . Finally, a reduced production of PGE2 with high luminal NaCl may contribute to NOS disinhibition since a dose-dependent reduction of NOS expression has been observed in cultured MD cells exposed to PGE2 [100] . Whether the enhanced NO production at elevated luminal NaCl concentrations contributes to MD-mediated inhibition of renin release remains an interesting possibility. Renin secretion in the perfused JGA preparation tended to increase with NOS inhibition at high luminal concentrations, and the addition of Na nitroprusside to the bath inhibited renin secretion [57] . In addition, an acute and dose-dependent inhibitory effect of the NO donor Na nitroprusside on renin release has been observed in primary cultures of JG cells [43, 120] . Inhibition of renin release by NO appears to be a direct result of the activation of cyclic guanylate kinase, and one could speculate that this inhibitory action may be dominant at supranormal NO levels [38] .
As with COX-2, uncertainties surround the question whether MD signaling through the NO pathway regulates renin expression under chronic conditions. The notion that NO may play a role as a signal modifier between MD and reninsecreting cells is consistent with parallel expression of renin and MD nNOS in conditions such as low NaCl intake, the administration of furosemide, and renal artery constriction [14, 97, 121, 126, 134] . Thus, nNOS upregulation and a subsequent increase of NO generation may be an upstream signal in the stimulation of the renin axis by chronic low NaCl at the MD. In fact, mice with permanent deletions of nNOS have a reduced plasma renin activity, and basal renin secretion in isolated perfused kidneys from nNOS-or eNOS-deficient mice is consistently lower than in wild-type animals, suggesting that release of NO tonically upregulates renin synthesis and secretion in mice [22, 100] . nNOS expression in MD cells appears to be stabilized by a negative feedback effect of angiotensin II since nNOS protein levels are markedly upregulated in AT1a-or angiotensinogen-deficient mice [71, 72] . Furthermore, angiotensin II antagonists can increase MD nNOS expression [134] .
Adenosine The presence of adenosine in effective concentrations in the juxtaglomerular region of the nephron may be deduced from its role as a paracrine mediator of the tubuloglomerular feedback response [117] . In a concentration range between 10 −10 and 10 −6 M, adenosine causes dose-dependent inhibition of renin secretion in isolated JG cells and kidney slices [30, 81] . In the isolated perfused JGA preparation, bath addition of adenosine at concentrations of 10 −6 and 10 −4 M significantly reduced the elevated levels of renin secretion caused by low luminal NaCl [88] . Studies with selective agonists have established that this inhibitory effect is mediated by A1AR [3, 30] . The cellular mechanism of adenosine-dependent changes in renin secretion is not clear, but a reduction in cAMP and an increase in cGMP are potential pathways initiated by A1AR activation and leading to renin release inhibition [81] . Furthermore, A1AR agonists have been shown to cause constriction of afferent arterioles by Gi-dependent activation of phospholipase C, cell depolarization by opening of Caactivated Cl channels, and subsequent sustained Ca influx through voltage-dependent Ca channels [50, 51] . A similar sequence of events may occur in JG cells since the Ca channel blocker verapamil prevented the renin inhibitory effect of high luminal NaCl concentrations (Fig. 5b) [56] . Endogenous adenosine appears to exert a tonic inhibitory effect on renin secretion since administration of inhibitors of A1AR such as DPCPX cause its stimulation [62, 79, 80] . This pharmacological profile of adenosine is consistent with the notion that the inhibition of renin secretion caused by an elevated MD NaCl concentration may be at least in part adenosine-mediated. Renin secretion by non-perfused afferent arterioles was found to be lower when the MD was present, and this difference could be abolished by adding adenosine to isolated afferent arterioles or theophylline to afferent arterioles dissected with the attached MD [61] . In the isolated perfused JGA, the selective adenosine 1 -receptor blocker 8-cyclopentyl-1,3-dipropylxanthine blunted the fall in renin secretion caused by an elevation in luminal NaCl by about 50 %, but did not abolish it [147] . In contrast, however, the renin secretory response to bumetanide was not measurably altered in perfused kidneys isolated from A1AR-deficient compared to wild-type mice [123] . These two observations are not necessarily in Differences in PRC between the two series are due to assay differences conflict since bumetanide administration only examines the effect of a reduction in NaCl transport that is only about half of the NaCl concentration range over which the MD mechanism operates. Thus, it is conceivable that adenosine may contribute to the inhibition of renin secretion at high NaCl concentration but that disinhibition at low luminal NaCl with reduced adenosine levels is not an important drive for renin secretion. In fact, A1AR-deficient mice do not show the inhibition of renin release caused by intravenous bolus administration of saline that leads to an acute elevation of luminal NaCl [74] . Interestingly, repeat measurements of plasma renin concentration over a 2-week period have shown a significantly greater variability in individual A1AR-deficient compared to WT mice (Fig. 6) . The greater renin instability could reflect the fact that the TGF mechanism is absent in A1AR −/− mice, and GFR is therefore predicted to be less stabile and to result in greater variability of NaCl concentration at the MD. Thus, the purported role of TGF to stabilize NaCl excretion may be achieved not only by controlling GFR but also by minimizing variations in renin secretion.
Summary
As presciently predicted by Goormaghtigh, the composition of the tubular fluid passing the MD cells is an important determinant of renin secretion and renin synthesis. The cellular transduction mechanism is initiated by NaCl uptake through the Na-K-2Cl cotransporter with activation of NKCC2 causing inhibition and deactivation of NKCC2 causing stimulation of renin release. Changes in NKCC2 activity are coupled to alterations in the generation of paracrine factors that interact with granular cells. This complex array of local paracrine controls includes COX-2-dependent formation of prostaglandins, nNOS-mediated synthesis of nitric oxide, and intracellular or extracellular formation of adenosine. Of these three factors, the best established regulatory role is for prostaglandins.
[NaCl] at the MD is a determinant of local PG release over an appropriate concentration range, and blockade of COX-2 activity abolishes NaCl dependency of renin secretion in the isolated JGA preparation. The role of adenosine may be particularly important when [NaCl] is increased, and at least some of the available evidence is consistent with an important suppressive effect of adenosine at higher salt concentrations. The role of juxtaglomerular NO production is unclear, but some contribution of NO as a regulatory or permissive factor seems likely, although complete understanding is complicated due to important inputs from other cell types and the potential of both stimulatory and inhibitory actions. 
